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(J.C. Fontecilla-Camps).Escherichia coli require nickel for the synthesis of [NiFe] hydrogenases under anaerobic growth con-
ditions. Nickel import depends on the speciﬁc ABC-transporter NikABCDE encoded by the nik
operon, which deletion causes the complete abolition of hydrogenase activity. We have previously
postulated that the periplasmic binding protein NikA binds a natural metallophore containing three
carboxylate functions that coordinate a Ni(II) ion, the fourth ligand being His416, the only direct
metal-protein contact, completing a square-planar coordination for the metal. The crystal structure
of the H416I mutant showed no electron density corresponding to a metal-chelator complex. In vivo
experiments indicate that the mutation causes a signiﬁcant decrease in nickel uptake and hydrog-
enase activity. These results conﬁrm the essential role of His416 in nickel transport by NikA.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
One of the challenges faced by every cell is to maintain appro-
priate concentrations of essential transition metals while avoiding
the damage caused by excess amounts of these elements. Although
nickel is generally present in the environment in nanomolar con-
centrations [1], it is both toxic and an essential cofactor of at least
eight enzymes involved in diverse cellular processes such as en-
ergy metabolism and virulence [2]. In Escherichia coli, nickel is re-
quired under anaerobic growth conditions for the synthesis of
three different [NiFe] hydrogenase isoenzymes [3]: hydrogenases
1 and 2 oxidize hydrogen during fermentation or anaerobic respi-
ration when fumarate is used as electron acceptor, and hydroge-
nase 3 is part of the hydrogen-evolving formate hydrogenlyase
(FHL) complex, that converts formate to CO2 and H2. Therefore,
highly speciﬁc and controlled nickel transport and trafﬁcking sys-
tems are necessary in E. coli. Nickel scavenging from the external
medium is the critical step in nickel acquisition by bacteria. The
passage of metabolites through the outer membrane in Gram-chemical Societies. Published by E
vazza), juan.fontecilla@ibs.frnegative bacteria can be either passive via porines [4] or active
via transporters energized by the TonB machinery (TonB-depen-
dent transporters or TBDT). TBDT are reported to promote uptake
of scarce or poorly soluble nutrients [5]. The ﬁrst bacterial nickel
TBDT, called FrpB4, was described in 2007 in Helicobacter pylori
[6]. In E. coli, such a system has not been yet identiﬁed and nickel
probably crosses the outer membrane via a porin. Once in E. coli’s
periplasm, nickel import through the inner membrane proceeds via
a unique ATP-Binding Cassette (ABC)-type transporter called Nik-
ABCDE encoded by the nik operon [7]. It is suggested to be a
hydrogenase-speciﬁc nickel transporter [8] and insertion muta-
tions in the nik operon completely abolish [NiFe] hydrogenase
activity [9]. Its expression is under the positive control of the oxy-
gen sensor Fumarate Nitrate reductase Regulator (FNR) [10], which
forms a DNA-binding dimer during anaerobic growth, and is nega-
tively controlled by the transcriptional metalloregulator NikR in
the presence of excess nickel [11]. Nickel overload is also pre-
vented by systems like the efﬂux pump RcnA [12].
NikABCDE is composed of one periplasmic binding protein
(PBP), NikA, two channel-forming transmembrane proteins, NikB
and NikC, and two cytoplasmic membrane-associated nucleotide-
binding proteins, NikD and NikE. Pre-NikA contains 524 amino
acids, with the N-terminal 22 residue-long leader sequencelsevier B.V. All rights reserved.
Fig. 1. Histidine 416 movement between Fe(EDTA)-NikA complex (in orange) and
the putative nickelophore-Ni-NikA complex (in blue).
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structure of NikA was determined in 2003 by Heddle et al. [14].
These authors proposed that the binding site was a pocket rich in
aromatic and arginine residues that lodged a Ni-(H2O)52+ species,
with only one polar interaction with the protein. Two years later,
we showed that NikA was able to bind Fe(III)EDTA in the same
pocket [15]. This result also applied to the structure determined
by Heddle and collaborators. Indeed, in 2007, these authors revised
their NikA structure and agreed with our previous interpretation
[16]. Therefore, all these studies suggested the existence of a
EDTA-like natural chelator involved in nickel binding. In 2008,
we (1) determined the structure of EDTA-free NikA, (2) character-
ized a putative ‘‘nickel-metallophore’’ complex, and (3) proposed
the existence of a natural nickelophore. Based on the electron
density map, this chelator was modelled as butane-1,2,4-tricarb-
oxylate (BTC), the three carboxylate functions interacting with
Ni(II). As for other PBPs, the two rigid lobes of the protein are con-
nected by a hinge, which closes upon ligand binding. In our case,
binding of the putative Ni-BTC complex introduced a signiﬁcant
conformational change of NikA relative to the Fe(III)EDTA-bound
form (Fig. 1), bringing His416 at binding distance from Ni(II) and
thus completing a square planar coordination for the metal ion.
His416 is the only direct metal-protein contact [17].
Here, we report the crystal structure of the H416I NikA mutant
and the effect of this mutation on nickel accumulation and hydrog-
enase activity in vivo. The choice of isoleucine was determined by
its non-coordinating non polar nature and overall volume similar
to histidine. Our work indicates that the substitution of His416
by isoleucine causes a drastic decrease in nickel uptake and [NiFe]
hydrogenases synthesis. In vitro experiments also show that Ni(II)
binding to NikA is affected by the absence of His416.
2. Materials and methods
2.1. Bacterial strains, plasmids and growth conditions
The E. coli strain DH5a was used for cloning and propagation of
pET-22b and plw21 plasmids. E. coli strain BL21(DE3) (Stratagene)
was used as the expression system for the production of the peri-
plasmic wild-type NikA and H416I mutant. E. coli TG1, DnikA-R
HYD720 strains and the complementing plw21 plasmid which car-
ries the nikA to nikR genes (kind gifts from Dr. Marie-Andrée Mand-
rand-Berthelot) [7] were used for nickel accumulation experiments
and hydrogenase activity measurements. TG1 and HYD720 strains
were grown anaerobically in a glove box for 24 h at 30 C in M63
medium supplemented with either 150 nM or 5 lM nickel chloride
and 10 mM magnesium chloride, the latter to saturate magnesium
transport systems. BL21(DE3) strains carrying pET22b-nikA [15]or
pET22b-nikAH416I were grown anaerobically in a glove box in
M9ZB medium [18] supplemented with 500 nM nickel chlorideand 10 mM magnesium chloride until they reached a OD600nm of
about 0.5. Gene expression was induced by addition of 1 mM IPTG
and the cells were then grown overnight at 28 C. The cells were
harvested, pelleted and temporarily frozen at 80 C.
2.2. Cloning and site-directed mutagenesis
The H416I mutant was prepared from the expression vector
pET22b-nikA using a PCR-based procedure. Primers formutagenesis
were: (T7 terminator primer + 50-TCAATGCGCGTACCGTCAATCGCT-
GACTTCCAGGC-30) + (T7 promoter primer + 50-GCCTGGAAGTCAGC
GATTGACGGTACGCGCATTGA-30). The PCR fragment was puriﬁed
with the Extract II kit (Macherey-Nagel), digestedwithXhoI andXbaI
restriction enzymes and inserted into a pET-22b vector to produce
the pET22b-nikAH416I plasmid. The plw21 plasmid was mutated fol-
lowing the QuickChange site-directed mutagenesis kit strategy
(Stratagene) using the primers (forward: 50-TCAATGCGCGTACCGT-
CAATCGCTGACTTCCAGGC-30) and (Reverse: 50-GCGTGGAAGTCA
GCGATTGACGGTACGCGCATTGA-30). This produced the plw21NikA-
H416I construct. The correct nucleotide sequenceswere conﬁrmedby
sequencing (Cogenics, Grenoble, France).
2.3. Puriﬁcation and crystallization of NikA and its H416I mutant
Periplasmic recombinant NikA and its H416I mutant were ex-
tracted by stirring the cells in a solution containing 2.5 ml of chlo-
roform per gram of cells (wet weight) and complete antiprotease
cocktail (Roche) at room temperature for 3 h. The extraction was
stopped by adding 10 volumes of 40 mM Tris pH 7.5 (buffer A)/vol-
ume of chloroform. Cell debris were removed by centrifugation at
4000 rpm for 30 min at 4 C and the periplasmic fraction was con-
centrated by precipitation with 80% (w/v) ammonium sulfate and
resolubilized in buffer A. The solution was dialyzed overnight
and further puriﬁed by two-step chromatography using Q-sephar-
ose (GE Healthcare) and hydroxyapatite (Bio-Rad) columns. A total
of approximately 4 mg of pure NikA and 1.5 mg of H416I mutant
per L of culture were obtained. The proteins were crystallized using
the conditions initially described in Charon et al. [19]. Hexagonal
prisms of NikA and orthorhombic crystals of the H416I mutant
were obtained within a week. The best crystals were obtained
when 1 lL from the reservoir solution, containing either 1.5 M or
1.8 M ammonium sulfate in 100 mM sodium acetate, pH 4.7, was
mixed with 4 ll of an either 9.5 mg/ml NikA solution or an
11 mg/ml H416I mutant solution respectively. The resulting hang-
ing drop was equilibrated against 1 ml of the reservoir solution at
20 C. Nickel concentration in the H416I mutant preparation was
measured by inductively coupled plasma optical emission spec-
trometry (ICP-OES): 6 ml of a 0.4 mg/ml H416I mutant solution
were previously acidiﬁed with 100 ll ultrapure nitric acid before
measurement.
2.4. X-ray ﬂuorescence measurements
The X-ray ﬂuorescence from NikA crystals was monitored with
a solid state Röntec XFlash detector operating at the BM30A beam-
line at the European Synchrotron Radiation Facility (ESRF). The de-
vice server to run the detector on ESRF beamlines and the
Graphical User Interface to monitor the X-ray ﬂuorescence were
developed by A. Beteva (ESRF) and J. Joly (BM30A), respectively.
2.5. Data collection and structure determination
Data were collected at beamlines BM30A and BM16 of the ESRF
in Grenoble, France. Data reduction was carried out using XDS [20].
In order to identify the nature of the metal bound to wild-type
NikA three X-ray diffraction data sets were subsequently collected
Fig. 2. (A) X-ray ﬂuorescence spectrum mesured on a single NikA crystal at beamline BM30A of the ESRF. Note the detection of nickel and sulfur (due to ammonium sulfate
present in cristallizing solutions) and the absence of iron and zinc. We conﬁrmed the presence of nickel at the binding site in the crystal structure in X-ray anomalous
difference electron density maps obtained at two different k values: kSe = 0.979624 Å (B), kNi = 1.485671 Å (C) corresponding to the high energy sides of the selenium and the
nickel absorption edges respectively. The peaks are contoured at 4.0r. (D) Crystal structure of the nickel binding site of the H416I mutant at 2.1 Å resolution (Protein Data
Bank (PDB) ID code: 3QIM). Note the absence of anomalous difference electron density maps obtained at two different k values: kSe = 0.98400 Å or kNi = 1.48369 Å.
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drop, at the following X-ray wavelengths: kSe = 0.979624 Å (maxi-
mum f0 0 for selenium), kNi = 1.485671 Å (maximum f0 0 for nickel)
and kCo = 1.608120 Å (maximum f0 0 for cobalt). The structures were
solved with PHASER by the molecular replacement method using
the atomic coordinates of the NikA-FeEDTA(H2O) – X-ray model
(PDB ID code 1ZLQ) for the H416I mutant and the atomic coordi-
nates of the putative metal chelator-bound NikA (PDB ID code
3E3K) for NikA. A well-contrasted solution was obtained with three
NikA molecules per asymmetric unit for NikA (space group P62) or
two NikA molecules per asymmetric unit for the H416I mutant
(space group P212121).
Crystallographic reﬁnements were conducted using REFMAC
[21] and the three-dimensional models were examined and modi-
ﬁed using the graphics program COOT [22]. Figs. 1 and 2 were pre-
pared with PyMOL (The PyMOL Molecular Graphics System,
Version 1.3, Schrödinger, LLC.).
2.6. Measurement of hydrogenase activity in E. coli strains
Hydrogen uptake activity was determined spectrophotometri-
cally at 604 nm by following the colour change of methyl viologen
(MV) from the colourless oxidized form to the dark violet reduced
form. All enzyme assays were performed at 30 C under anaerobic
conditions in a glove box to preserve the hydrogenase enzyme
from oxygen inhibition. The reaction mixture containing oxygen-
free 50 mM Tris pH 8.5 and 1 mM MV in a ﬁnal volume of 1 ml
was ﬁrst saturated with gaseous hydrogen (H2) in an assay cuvette.
Five ml of E. coli cultures were centrifuged and the pellet was re-
suspended with 1 ml of 20 mM Tris pH 8.0. After two cycles of
freezing/thawing, 100 mL of cell suspensions were injected into
the assay cuvette and the absorbance at 604 nm was followed.
Rates of MV reduction were calculated using an absorption coefﬁ-
cient of 13.6 mM1 cm1. One unit (U) of hydrogenase activity was
deﬁned as the amount of enzyme that catalyzes the oxidation of1 nmol H2 per min per mg of protein. Cells were subsequently
lysed with 0.2 M NaOH/1% SDS for 60 min at 90 C and the protein
content was determined using the Bradford Assay (Bio-Rad). Mea-
surements were performed on four independent cultures.
2.7. Nickel content in E. coli strains
Fifteen ml of anaerobic cultures were grown 5 h at 37 C in M63
medium supplemented with 10 mMMgCl2 and 150 nM radioactive
63NiCl2 (6.59 mCi/ml, 0.585 mg of Ni/ml) in a glove box. Cells were
harvested by centrifugation (15 min at 4000 rpm), washed and
resuspended with 50 mM Tris–HCl pH 7.2, 0.5 mM sodium dithio-
nite, 10 mM EDTA (1 ml buffer per 1 OD600nm). Samples of 200 ll
were vacuum ﬁltered (20 lb in2) through 0.45 lM ﬁlters (Milli-
pore). Filters were dried and subsequently introduced into a scin-
tillation vial with 4.1 ml of Scintillation Cocktail (Filter Count
LCS; Packard). Three series of experiments were performed and
each time point was measured in duplicates. Radioactive counting
of each sample was performed during 10 min using a window of
30–700 in a Beckman LS801 scintillation counter.
3. Results and discussion
3.1. Crystal structure of the H416I mutant
Crystals were grown as previously described [19]. In the case of
the wild-type protein, we reproduced the hexagonal prisms ob-
tained a few years ago, corresponding to the close form of NikA ob-
served in the absence of EDTA. As mentioned in the Introduction, in
this form His416 approaches the metal in the Ni-chelator-NikA
complex. In the case of the H416I mutant, we obtained orthorhom-
bic crystals, similar to the ones grown with the FeEDTA(H2O)--
NikA complex, which corresponds to a more open conformation
of the protein lobes. The 2.1 Å resolution crystal structure of the
H416I protein conﬁrms the mutation and shows no electron
Table 1
Data collection and reﬁnement statistics for data sets used to solve the H416I mutant structure and to determine the presence of nickel at the binding site of NikA.
H416I_Se NikA_Se NikA_Ni NikA_Co
Beam lines BM16 BM30A BM30A BM30A
Wavelength (Å) kSe = 0.98400 kSe = 0.979624 kNi = 1.485671 kCo = 1.608120
Space group P212121 P62
Unit cell (Å) a = 86.74
b = 94.012
c = 124.34
a = b = 158.33
c = 135.60
a = b = 158.23
c = 135.57
a = b = 157.08
c = 133.85
Number of molecules per asymmetric units 2 3
Resolution range (Å) 24.8–2.1 43.3–2.6 45.2–2.5 42.9–2.7
Rsym (%) 6.0 (27.5) 3.4 (25.6) 3.5 (23.1) 3.8 (27.2)
I/r(I) 12.93 (3.86) 28.0 (5.8) 22.6 (4.9) 26.2 (4.7)
Completeness (%) 93.5 (88.3) 86.3 (78.4) 94.0 (85.9) 76.6 (69.9)
Redundancy 2.6 (2.6) 3.6 (3.6) 2.9 (2.8) 3.1 (3.1)
Nmeasured 277407 (33976) 366506 (35582) 356994 (35378) 239176 (22483)
Nunique 107139 (13190) 100945 (9777) 123526 (12522) 77769 (7350)
R factor/R free factor (%) 23.7/17.7
No. of protein atoms 8006
No. of water molecules 501
Average B-factor (Å2) 27.4
rmsd
Bonds (Å) 0.015
Angles () 1.603
Ramachandran plot
Residues in most favorable region (%) 96.6%
Residues in allowed region (%) 3.3%
Residues in disallowed region (%) 0.1%
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metal-binding site (Fig. 2D). Moreover, the replacement of
the Ni-ligand His416 by isoleucine prevents the movement of the
‘‘lower’’ lobe of the protein towards the Ni-binding pocket. The
structural parameters are reported in Table 1. In order to test
whether the mutant was able to bind a putative nickel-nickelo-
phore complex, we soaked crystals in NiCl2 +/ imidazole +/
BTC-containing solutions at pH 5.0 and 7.0. However, we found
no metal bound at the relevant NikA pocket. This is in agreement
with our previous ﬁnding using apo-NikA that BTC was not able
to form a NikA-bound complex with nickel. Instead, unmetallated
BTC interacted directly with His416 in the wild-type protein [17].
It is therefore not surprising that the H416I mutant could not bind
BTC either. Moreover, imidazole did not compensate for the
absence of His416 in our crystals.
3.2. Speciﬁc nickel binding to NikA
Hexagonal crystals of recombinant NikA, overproduced under
aerobic conditions and in a rich medium, contained a mixture of
Zn, Fe and Ni at the metal-binding site [17]. In order to check
whether more ‘‘physiological’’ conditions would result in a homo-
geneous form of NikA containing only nickel, we decided to ex-
press nikA and nikAH416I in cells grown anaerobically and in the
presence of 150 nM NiCl2. X-ray ﬂuorescence experiments
(Fig. 2A) and anomalous scattering difference Fourier maps calcu-
lated at three different wavelengths (kSe, kNi and kCo) showed that
only nickel was present at the metal-binding site in the wild type
NikA (Fig. 2B and C). As expected from the map shown in Fig. 2D,
the H416I mutant lacks metal at the relevant binding site. Nickel
was also absent from the H416I mutant solutions as conﬁrmed
by ICP-OES which gave a value of about 0.06 Ni/protein. Even when
the protein solution was pre-incubated with an excess of NiCl2, the
protein-bound nickel content did not increase.
We further checked whether the effect of the H416I substitu-
tion on nickel binding observed both in our crystals and in vitro
was also found in vivo. Thus, the DnikA-R HYD720 strain was com-
plemented with either the plw21 plasmid, which carries the nikA-
nikR genes, or with the plw21NikAH416I plasmid and was examinedfor its ability to take up 63Ni2+. A concentration of 10 mM MgCl2
was added to the growth medium to saturate the non-speciﬁc
nickel uptake mediated by the magnesium system transport [7].
These in vivo experiments clearly show that nickel uptake is dras-
tically affected by the H416I mutation: the intracellular nickel con-
centrations were 2.08 ± 0.07 pmol/OD600 and 12.5 ± 0.5 pmol/
OD600 for HYD720/plw21NikAH416I and HYD720/plw21 strains,
respectively. The nickel content concentration in the DnikA-R
HYD720 strain was 0.85 ± 0.5 pmol/OD600. We note that in E. coli
TG1 strain, nickel accumulation is about three times higher than
in the HYD720/plw21 strain (37.5 ± 0.2 pmol/OD600). This, in turn,
suggests that the complementation with plw21 does not fully com-
pensate for the DnikA-R deletion present in HYD720.
3.3. The role of histidine 416 in nickel uptake is reﬂected by
hydrogenase activity
Mandrand-Berthelot et al. showed that nik operon deletion led
to the abolition of anaerobically-expressed [NiFe] hydrogenase
activity in vivo [9]. This indicates that E. coli requires active nickel
transport to synthesize these enzymes. Consequently, we tested
whether the low nickel content in the HYD720/plw21NikAH416I
strain also resulted in reduced hydrogenase activity in vivo. We
measured [NiFe] hydrogenase uptake activity in E. coli bacteria
grown under anaerobic conditions. The TG1 and MC4100 wild-type
strain displayed hydrogenase activities of about 2000 U/mg of total
protein (this value was higher than the previously published one,
which was 780 U/mg for MC4100 strain) [10]. The HYD720 strain
presented a residual hydrogenase activity of 2.25 ± 0.6 U/mg of to-
tal protein. As observed in nickel accumulation experiments, the
activity was partially restored by the plw21 complementation
(286.7 ± 38 U/mg of total protein). The H416I mutant showed a
strongly diminished hydrogenase activity in vivo, amounted to
6% of the corresponding value in HYD720/plw21 (15.5 ± 2.7 U/mg
of total protein).
To analyse whether the effect of the mutation can be reversed
by addition of nickel in vivo, we grew the strains in medium sup-
plemented with 5 lM NiCl2. The hydrogenase activity of the
HYD720 strain increased to 40% of the value observed for
C. Cavazza et al. / FEBS Letters 585 (2011) 711–715 715HYD720/plw21. Under these conditions, the hydrogenase activity
of the H416I mutant was almost totally restored. Therefore,
His416 is required to sustain fully hydrogenase activity but can
be compensated by nickel addition. This result can be explained
by nickel uptake mediated by secondary transport pathways.
4. Conclusions
One of the main difference between the Fe(III)EDTA-NikA com-
plex and the one that this protein forms with the putative metal-
bound nickelophore is the signiﬁcant conformational change that
brings His416 at bonding distance from the Ni ion. In this work,
we have studied the physiological consequences of mutating
His416 into isoleucine which cannot bind the metal. In agreement
with the role suggested previously by His416 in Ni complexation
by the wild-type NikA (as shown in the crystal structure), its muta-
tion provoked (1) the absence of the metal ion in the NikA crystal
structure, (2) a low concentration of intracellular nickel and (3) a
residual hydrogenase activity in the mutant. All these observations
conﬁrm the central role that plays His416, the only protein ligand
to nickel, in the transport of this ion by NikA.
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